Abstract: GATA factors are evolutionarily conserved and play crucial roles during embryonic development in both vertebrates and invertebrates. Vertebrate GATAs can be divided into two subgroups, the GATA1/2/3 and the GATA4/5/6 classes. Through genomic analysis, we have identified three GATA factors, representing the GATA1/2/3 and GATA4/5/6 subfamilies respectively, and one GATA like protein in the genome of the basal chordate amphioxus (Branchiostoma floridae, cephalochordata). Partial sequence of GATA123 in the amphioxus Branchiostoma belcheri (BbGATA123) was cloned and its expression pattern during early embryonic development was studied. Expression of BbGATA123 is first detected in the mesendoderm during gastrulation. Interestingly, in the late neurula and early larva stages, it is expressed strongly in the cerebral vesicle and the mid gut region. Its expression is compared to Otx, a gene known crucial for the development of anterior structures. Our observations suggest that GATA123, together with Otx, might play an important role in the development of amphioxus cerebral vesicle, the counterpart of the vertebrate brain.
文昌鱼一个 GATA 基因在胚胎发育中的表达图式 The GATA family transcription factors are named due to their ability to bind the consensus DNA sequence (A/T) GATA (A/G). Members of this group have been identified in organisms ranging from cellular slime mold, plants to vertebrates. Vertebrate GATAs and most of the metazoan GATA factors contain two distinctive zinc-finger domains followed by a conserved highly basic region. Several reports have demonstrated that the C-terminal zinc-finger and the adjacent basic domain are necessary for DNA binding in vitro (Molkentin, 2000) and only these DNA-binding domains are conserved throughout this protein family. In fact, many of protostome GATAs contain a single copy of the zinc-finger domain such as fungal GATAs (Orkin, 1992) .
Six GATA factors have been identified in vertebrates, five in Drosophila and eleven in nematode Caenorhabditis elegans. Through phylogenetic and functional analysis, the vertebrate GATA factors are divided into two classes: the GATA1/2/3 and the GATA4/5/6 classes (Lowry & Atchley, 2000; Molkentin, 2000; Patient & McGhee, 2002) . The GATA1/2/3 factors are associated with erythroid and neural specification and the GATA4/5/6 factors play partially redundant roles in mesoderm and endoderm development (Patient & McGhee, 2002) . In both vertebrates and invertebrates, the GATA1/2/3 genes are expressed in early ectodermal lineages (Nardelli et al, 1999; Tsarovina et al, 2004; Xu et al, 1997) , whereas the GATA4/5/6 genes are expressed in mesendodermal lineages (Holtzinger & Evans, 2005; Molkentin, 2000; Patient & McGhee, 2002; Peterkin et al, 2005; Welch et al, 2004) .
In addition to the GATAs, a GATA like protein (GATA like protein-1, GLP-1) has also been reported in mouse that contains only one GATA type zinc finger domain. The basic domain is not conserved in GLP-1 and it lacks the ability to bind the (A/T) GATA (A/G) sequence. In mouse, GLP-1 is required in somatic cells of the gonad for germ cell development (Li et al, 2007) .
Two GATAs, representing GATA1/2/3 and GATA4/5/6 orthologs respectively, have been found or predicted in basal invertebrate deuterostomes, including urochordates and echinoderms (Gillis et al, 2007) . The three vertebrate paralogs in each class have been suggested to arise from two whole genome duplication events that occurred during the evolution of vertebrates (Dehal & Boore, 2005) . However, the GATA genes in amphioxus, the cephalochordates, are not yet studied. Through genomic analysis, we detected three GATA factors and one GATA like protein in the genome of amphioxus (Branchiostoma floridae). We have cloned partial sequence of GATA123 gene of Branchiostoma belcheri and studied its expression pattern during early embryonic development.
Materials and Methods

Embryos
Adult amphioxus (B. belcheri) were collected during the breeding season from the South China Sea near Beihai (Guangxi Province, China) and maintained in the laboratory. Naturally fertilized eggs were collected and cultured at room temperature. The developing embryos and larvae at desired stages were fixed in fresh 4% paraformaldehyde at room temperature for 30 min or at 4 ℃ overnight, dehydrated in gradated methanol and stored in 70% methanol at −20℃. Some adults, embryos and larvae at different developmental stages were frozen in liquid nitrogen for DNA and RNA extraction.
Isolation of genes
The genome of amphioxus (B. floridae, http://genome.jgi-psf.org/Brafl1) was BLASTed against mouse GATA proteins and 4 hits were found. GenomeScan was used for predicting the GATA genes aided by EST database searches and manual correction.
Partial sequence of B. belcheri GATA123 was cloned by RT-PCR using cDNAs of 10-somites neurula as the template. Primers were designed according to an EST clone of B. floridae. Primers used were: 5'-CGACGTGTTCTTCCACCACCTC-3' and 5'-CTGCGACACTGACGAGGAAGAGA-3'. PCR products were cloned into PBS-T vector (Tiangen) and sequenced.
The predicted BfGATA genes and partial sequences of BbGATA123 and Otx were submitted to the GenBank under accession numbers FJ615537-FJ615542.
In situ hybridization
Antisense digoxygenin RNA probes were prepared using properly linearized template and T7 RNA polymerase. Whole mount in situ hybridizations were performed in home-made baskets using the standard amphioxus protocol (Holland, 1999) with minor modifications. Embryos and larvae stored in 70% methanol were re-hydrated. Specimens were digested with 5 μg/mL proteinase K in PTW (1X PBS, 0.1% Tween 20) for 10 min. Digestion was stopped with 2 mg/mL glycine in PTW (5 min) and specimens were refixed for 1 h in 4% paraformaldehyde in PTW. After washing in PTW, specimens were acetylated with 0.25% and 0.5% acetic anhydride in 0.1 mol/L triethanolamine, washed in PTW followed by prehybridization in a hybridization buffer (50% deionized formamide (V/V), 0.01 g/mL Boehringer Block, 1 mg/mL yeast RNA, 100 μg/mL heparin, 0.1% chaps, 5XSSC (saline sodium citrate), 0.1% Tween 20, 5 mmol/L EDTA) at 60℃ for 3 h. Hybridization was performed in the same hybridization buffer with 1 μg/mL antisense probe at 60℃ for 16 h. The embryos were then washed twice (30 minutes each time) at 55 ℃ with 50% formamide/5X SSC/0.1% Tween 20, twice with 50% formamide/2X SSC/0.1% Tween 20, and twice with 50% formamide/1X SSC/0.1% Tween 20. After 3 washes with PTW at room temperature, the embryos were incubated in the blocking solution (10 mg/mL Boehringer blocking reagent, 2 mg/mL BSA in PTW) for 3h. AP coupled Anti-DIG antibody (Roche, 1:1500 in blocking solution, preabsorbed with amphioxus powder) was then added and incubated at 4 ℃ overnight. After 3 washes with PTW and APT buffer (0.1 mol/L NaCl, 0.1 mol/L Tris PH9.5, 0.05 mol/L MgCl 2 , 1% Tween), the embryos were transferred to stain solution in multi-well plates. The embryos were stored in dark and monitored for color reaction. The staining process may take from 2h to 5 days. The reaction was stopped by washing 2−3 times with PTW and the embryos were transferred into 50% glycerol for storage.
Results
Isolation of the amphioxus GATA genes
The genome of amphioxus (B. floridae) was BLASTed against mouse GATA proteins and 4 hits for GATA type of zinc fingers were found. Genomic analysis and EST database searches suggest that one of them corresponds to the GATA1/2/3 type factor, two of them correspond to two close homologs of the GATA4/5/6 type factors, and the fourth one corresponds to the amphioxus GATA like protein (hypothetical protein BRAFLDRAFT_103415, XP_002241081). They were named BfGAGA123, BfGAGA456a, BfGATA456b and BfGLP respectively. The predicted BfGATA123 is supported over the whole open reading frame by ESTs. The open reading frame is encoded by 5 exons, same as its vertebrate GATA1/2/3 homologs. Through EST assembly, one alternative splicing isoform is also found, which lacks 236 amino acids in the N-terminal and was named BfGAGA123 short (BfGAGA123s). The first 4 coding exons of BfGAGA456a and 3 of BfGATA456b can be predicted from the B. floridae genome. BfGATA456a and b show 98% identity over the predicted coding regions and only one amino acid difference at the protein level. We can not rule out the possibility that the two genes are actually the same one assembled into two scaffolds due to assembly mistake or polymorphism. If they represent two genes, they must have arisen from a recent duplication event. In vertebrates, the GATA4/5/6 factors are encoded by 6 exons. We predict that the last 2 and 3 exons of BfGATA456a and b respectively are missing due to sequence gaps. BfGATA123 and BfGATA456 both contain two conserved GATA type zinc finger domains as well as an adjacent basic domain (Fig.1) . In both cases, the dual zinc finger domains are encoded by 3 exons with similar intron/exon boundaries, as in all deuterosterm GATA genes examined (Gillis et al, 2008) . Most of the conserved class-specific motifs identified by Gillis et al (2007) were found in the predicted BfGATA factors, further supporting our predictions. BfGLP contains only one GATA type zinc finger domain and only a few adjacent basic amino acids, like its mouse homolog. No EST clone corresponding to the BfGAGA456a, BfGATA456b and BfGLP could be found in the NCBI EST database, suggesting that their expressions were quite low or very specific.
Phylogenetic analysis using the conserved zinc finger domains showed that the four proteins falled into the GATA1/2/3, GATA4/5/6 and the GLP branches respectively (Fig. 2) . The amphioxus GATA123 and GATA456 locate at the root of the GATA1/2/3 and GATA4/5/6 subclasses respectively as expected.
Expression of BbGata123 and Otx during
amphioxus embryogenesis At gastrula stage, BbGATA123 is expressed in the invaginating mesendoderm (Fig. 3A, B) but not in the ectoderm. At early neurula stage, it is detected in the forming somite region and the endoderm (Fig. 3C) . Interestingly, at the late neurula stage (18 h), the expression of BbGATA123 becomes localized in the anterior tip of the mesendoderm, the cerebral vesicle, and the mid-gut region (Fig. 3D) . In the 24-hour larva, it is strongly expressed in the cerebral vesicle, the floor plate of the anterior intestine and weakly in the tailbud region (Fig. 3E) . However, its expression becomes very weak in the 45-hour larvae and no clear pattern could be detected (data not shown). The mouse and tunicate GATA protein sequences were used as in Gillis et al (2007) .
Fig. 2 Evolutionary relationships of GATA factors in amphioxus and other species
Tree topology was determined using neighbor joining method based on the alignment shown in Fig. 1 . The four amphioxus GATA factors are classed into GATA1/2/3, GATA4/5/6 and GLP branches respectively. Mm：Mus musculus；Ci：Ciona intestinalis；Bf：Branchiostoma floridae. (E) Early larva (24 h) with strong expression in the cerebral vesicle (cv), the floor plate of the anterior intestine (arrow) and weakly in the tailbud region (arrowhead). (C)−(E), lateral views, anterior to the left. Scale bars, 50 µm.
The expression of BbGATA123 in the cerebral vesicle of early larvae suggests that it might have a role in the anterior-posterior patterning of the nervous system. Since Otx is well-known to play a role in this process, we compared their expression patterns during amphioxus embryonic development. In B. floridae, Otx was strongly expressed in anterior neural plate and mesendoderm at early neurula stage and later in the cerebral vesicle and anterior endoderm (Williams & Holland, 1996) . A fragment of B. belcheri Otx was cloned by RT-PCR, which showed 92% identity to its homolog in B. floridae. In B. belcheri, Otx is expressed in the invaginating mesendoderm at gastrula stage (Fig. 4A, B) . At early neurula stage (5 somites), its expression becomes localized in the anterior part of the embryo, including the neural plate and endoderm (Fig. 4C) . In mid and late neurula stage embryos (14 and 18 hours), it is strongly expressed in the anterior dorsal endoderm and weakly in the forming cerebral vesicle and the anterior notochord (Fig. 4D, E) . In the 45-hour larva, Otx is strongly expressed in the cerebral vesicle and the pharyngeal region (Fig. 4F) .
Discussion
In this study, we identified the GATA factors from the amphioxus (B. floridae) genome. We have reconstructed the evolutionary relationships of these GATAs using molecular phylogenetic analysis. Our analysis indicates that amphioxus genome has a single GATA123 ortholog and possibly two close GATA456 paralogs. Expression analysis indicates that amphioxus GATA123 might be involved in the development of cerebral vesicle and anterior endoderm.
In vertebrates, GATA factors play various roles in different developmental processes (Patient & McGhee, 2002). The GATA1/2/3 genes are expressed in the hematopoietic cell lineages and are essential for erythroid, megakaryocyte and T lymphocytes development (Orkin, 1992; Viger et al, 2008) . In addition, GATA 2 and 3 are also expressed in the hindbrain, spinal cord and inner ear in mouse (Nardelli et al, 1999) . The co-expression of amphioxus GATA123 with Otx in the cerebral vesicle, the counterpart of vertebrate brain, suggests that GATA factors might have a primitive role in brain development. In the endoderm, Otx is expressed in the pharyngeal region while GATA123 in the anterior intestine region at larva stages, indicating their different roles.
Vertebrate GATA4/5/6 genes are mainly expressed in the mesodermal and endodermal tissues, such as heart, gut and gonads. They play important roles during the liver and pancreas development, which all derived from the anterior gut region (Molkentin, 2000) . The roles of GATA factors in endoderm development have been evolutionarily conserved. In amphioxus, the anterior part of endoderm develops into the pharyngeal region and the hepatic diverticulum (the counterpart of vertebrate liver) develops from the anterior intestine region. The expression of amphioxus GATA123 in this region might be related to the specification of the hepatic diverticulum. However, in vertebrates, this function is fulfilled by the GATA4/5/6 class factors. The expression patterns of BbGATA123 suggest that the functions of the two GATA subfamilies are not yet separated in amphioxus as in vertebrates. In vertebrates, GATA transcription factors are key regulators of hematopoiesis. However, we did not detect such expression patterns in amphioxus that could be indicative of its involvement in hematopoiesis. It will be of interest to check the expression of the amphioxus GATA456 gene. The lack of its EST clones in the NCBI database suggests that its expression might be very low or specific. amphioxus materials.
